Plant mitochondrial genes can be expressed from mRNAs lacking stop codons  by Raczynska, Katarzyna Dorota et al.
FEBS Letters 580 (2006) 5641–5646Plant mitochondrial genes can be expressed from mRNAs lacking
stop codons
Katarzyna Dorota Raczynskab, Monique Le Reta, Michal Rurekb, Ge´raldine Bonnarda,
Halina Augustyniakb, Jose´ Manuel Gualbertoa,*
a Institut de Biologie Mole´culaire des Plantes du CNRS, 12 rue du Ge´ne´ral Zimmer, 67084 Strasbourg, cedex, France
b Department of Molecular and Cellular Biology, Institute of Molecular Biology and Biotechnology, Adam Mickiewicz University,
Miedzychodzka 5, 60-371Poznan, Poland
Received 21 June 2006; revised 27 July 2006; accepted 6 September 2006
Available online 18 September 2006
Edited by Ivan SadowskiAbstract The mRNAs of the nad6 and ccmC genes of Arabid-
opsis and cauliﬂower were found to be processed upstream of the
inframe stop codons. This result was conﬁrmed by northern
hybridization and by RT-PCR. There is no evidence that an
alternative stop codon is created post-transcriptionally, either
by RNA editing or by polyadenylation. The non-stop mRNAs
are found in the high molecular weight polysomal fractions, sug-
gesting that they are translated. Using antibodies directed
against CcmC, the corresponding protein was detected in Ara-
bidopsis mitochondrial extracts. These observations raise the
question of how the plant mitochondrial translation system deals
with non-stop mRNAs.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Release factor1. Introduction
Mitochondria contain its own genome (mtDNA) that codes
for a short number of proteins and structural RNAs. In higher
plants, mitochondrial gene expression is mainly regulated at
the post-transcriptional level [1], and no correlation was found
between the steady-state levels of mitochondrial transcripts
and gene expression [2]. Complex mechanisms are involved,
including alternative transcription initiation, maturation of
precursor poly-cistronic transcripts, splicing of introns, exten-
sive RNA editing by C to U conversion and regulation of tran-
script stability by secondary structures and polyadenylation.
Thus, expression of the 32 proteins encoded by the Arabidopsis
mtDNAmobilizes hundreds of nuclear encoded genes. Regula-
tion at the translation level probably plays an important role in
the coordinated expression and assembly of respiratory com-
plexes composed both of mitochondrial and nuclear encoded
subunits [3], but the mechanisms involved remain largely un-
known. Translation in plant mitochondria has usually beenAbbreviations: cRT-PCR, circular RNA RT-PCR; orf, open reading
frame; mtDNA, mitochondrial DNA
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doi:10.1016/j.febslet.2006.09.010considered similar to the translation in bacteria, because of
the similarities between many ribosomal proteins and transla-
tion factors. However, there are striking diﬀerences: the plant
mitochondrial ribosome is larger than bacterial and chloro-
plast ribosomes and there are many proteins speciﬁc to plants
that might be involved in translation regulation, such as pro-
teins of the PPR superfamily [4].
We found that in Arabidopsis and cauliﬂower, two members
of the Brassicaceae family, the mRNAs of the nad6 and ccmC
genes are processed upstream of the open reading frame (orf)
stop codons. These apparently aberrant non-stop mRNAs
seem to be the transcripts from which the proteins are ex-
pressed, suggesting that plant mitochondria can recognize
non-stop transcripts as functional mRNAs. This ﬂexibility of
the plant mitochondrial translation system might be related
to the existence of multiple release factors of the RF2 type pre-
dicted to be targeted to mitochondria.2. Materials and methods
2.1. Mitochondria isolation, fractionation, RNA extraction and analysis
Mitochondria isolated from Brassica oleracea var. botrytis were
puriﬁed on self-forming Percoll gradients as previously described [5].
For mitochondria fractionation experiments and CcmC immunoas-
says, mitochondria were isolated from 5-day-old etiolated suspension
cultures of Arabidopsis thaliana as described by Giege´ et al. [3]. After
isolation, the mitochondrial pellet was resuspended in buﬀer contain-
ing 0.3 M mannitol and 10 mM TES pH 7.5 at a protein concentration
of 1 mg/ml. Mitochondria were disrupted by three freeze/thaw cycles
followed by ﬁve sonication bursts of 10 s at 300 W (Sonic vibra cells).
The lysate was centrifuged at 100000 · g for 1 h at 4 C. The pellet was
kept as the mitochondrial membrane protein fraction and the superna-
tant as the soluble protein fraction.
RNA was extracted from Arabidopsis thaliana (ecotype Columbia
Col-0), cauliﬂower mitochondria or sucrose gradient fractions using
TRI reagent (Molecular Research Center), according to the manufac-
turer’s instructions. The RNA was further puriﬁed by phenol:chloro-
form extraction and precipitated with ethanol. For northern blot
analysis, RNA was suspended in denaturing buﬀer (50% formamide,
12% formaldehyde, 2 ·MOPS, 5% glycerol, 0.05% bromophenol blue,
2.5 lg/ml ethidium bromide), incubated 10 min at 65 C and loaded
onto 1.6% formaldehyde agarose gels that were run at 70 V in
20 mM MOPS pH 7.0, 2 mM sodium acetate, 1 mM EDTA. RNAs
were visualized under UV light and transferred by capillarity to nylon
membranes (Hybond N+, Amersham) in 10 · SSC (1.5 M NaCl,
0.15 M sodium citrate pH 7.0). Probes were either 5 0 labeled oligonu-
cleotides labeled with [c-32P]ATP using polynucleotide kinase (Fer-
mentas) or DNA fragments generated by PCR labeled with
[a-32P]CTP by random priming (Decaprime II kit, Ambion). Prehy-
bridization and hybridization was performed in 7% SDS, 0.5 Mblished by Elsevier B.V. All rights reserved.
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dom priming probes, respectively). After hybridization ﬁlters were
washed with 2 · SSC, 0.1% SDS and analyzed by autoradiography
or on Phosphoimager.
2.2. RT-PCR and cRT-PCR
For RT-PCR, DNase I treated RNA (2–3 lg) was mixed with
20 pmol of complementary primer and incubated 5 min at 70 C.
cDNA ﬁrst strand synthesis was performed 1 h at 42 C, using Super-
script II reverse transcriptase (Invitrogen) according to the manufac-
turer’s instructions, and aliquots were used as template for PCR. As a
negative control, the sample without RNA or reverse transcriptase was
used. cRT-PCR experiments were performed essentially as described
[6]. Brieﬂy, 5 lg of RNA was ligated with 10 U of T4 RNA ligase
(New England Biolabs) in the supplied buﬀer supplemented with
20 U of RNase inhibitor and 1 U of RQ1 DNase (Promega), in a total
volume of 20 ll. The region comprising the 5 0–3 0 RNA junction was
ampliﬁed by RT-PCR using forward and reverse primers. Ampliﬁca-
tion of polyadenylated RNA was performed as described [7]. PCR
products were cloned using the TOPO cloning kit (Invitrogen).
2.3. Polysome analysis
For mitochondrial polysomes extraction all buﬀers used in mito-
chondria isolation contained 0.5 mg/l chloramphenicol and were free
of EDTA. After puriﬁcation, 2 mg of mitochondrial protein pellet were
lysed with 900 ll of polysome extraction buﬀer (0.2 M Tris–HCl pH
8.0, 0.3 M KCl, 35 mM MgCl2, 25 mM EGTA, 0.2 M sucrose,
40 mM EDTA, 1% Triton X-100, 10 mM b-mercaptoethanol,
0.5 mg/ml heparin, 100 lg/ml chloramphenicol, 50 lg/ml cyclohexi-
mide, 6 mM vanadyl ribonucleoside complex (Sigma)). Insoluble mate-
rial was pelleted by centrifugation for 5 min at 20000 · g, the
supernatant was loaded onto 9 ml 15–55% linear sucrose gradients
(in sucrose gradient buﬀer: 40 mM Tris–HCl pH 8.0, 20 mM KCl,
10 mM MgCl2, 1 mM EDTA, 0.5 mg/ml heparin, 100 lg/ml chloram-
phenicol) and centrifuged for 4 h at 100000 · g. After centrifugation,
1 ml fractions were collected and RNA isolated. RNA was analyzed
by northern and hybridized with gene speciﬁc probes. In control reac-Fig. 1. (A) Map of the nad6 gene and of the oligonucleotide primers used f
cauliﬂower nad6 orf (boxed) and localization of the 3 0 RNA extremities mapp
sequenced is indicated. Below the sequence are indicated the position of polyA
described in Section 2. The number of clones is indicated under parenthesis.
Fig. 2 are shown. (C) The same as B, but for the Arabidopsis nad6 gene. (D) M
PCR cloning and hybridization. (E) Sequence of the 3 0 of the Arabidopsis cc
cRT-PCR. The number of clones is indicated, as well as the sequences thattions (+ EDTA) the MgCl2 on polysome extraction buﬀer and on su-
crose gradient buﬀer was substituted for 40 mM and 1 mM EDTA,
respectively.
2.4. Western blot analysis
Arabidopsis thaliana CcmC-speciﬁc rabbit antibodies were raised
against the peptide corresponding to residues 175–189 of the deduced
protein (HQPGSISRFGTSIHV). The antibodies were aﬃnity puriﬁed
against the peptide coupled to CNBr-activated Sepharose, dialyzed
and stored at 20 C with 0.1% BSA and 50% glycerol. Proteins were
separated by SDS–polyacrylamide gel electrophoresis (PAGE) and
transferred to Immobilon-P membranes (Millipore). Western blots
were performed with antibodies against CcmC, wheat Nad9 [8], and
Maize pyruvate dehydrogenase (PDH, obtained from Thomas Elthon,
University of Nebraska-Lincoln) at dilutions 1/1000, 1/50000 and 1/
10000, respectively. Goat anti-rabbit antibodies conjugated with
horseradish peroxidase at dilution 1/10000 were used as secondary
antibodies and revealed with enhanced chemiluminescent reagents
(ECL, Amersham).3. Results
The 3 0 extremities of several cauliﬂower (Brassica oleracea)
mitochondrial gene transcripts were mapped by circular
RNA RT-PCR (cRT-PCR), including those of the nad6 gene,
coding for the Nad6 subunit of complex I NADH dehydroge-
nase. Total cauliﬂower mitochondrial RNA was circularized
with T4 RNA ligase and used as template for RT-PCR ampli-
ﬁcation. A primer complementary to the 5 0 end of the open
reading frame (orf) (primers R3) was used to prime cDNA syn-
thesis and nested primers R4 + F2 for PCR ampliﬁcation, as
described in Section 2 and shown in Fig. 1A. The ampliﬁed
fragments were directly cloned without puriﬁcation, and theor cRT-PCR cloning and hybridization. (B) Sequence of the 3 0 of the
ed by cRT-PCR (above the sequence). The number of individual clones
tails identiﬁed on transcripts by RT-PCR using oligo-dT as primer, as
The sequences corresponding to primers R1 and R2 used as probes in
ap of the ccmC gene and of the oligonucleotide primers used for cRT-
mC orf (boxed) and localization of the 3 0 RNA extremities mapped by
hybridize with primers R1 0 and R2 0.
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vector-speciﬁc primers. The extremities of the circularized
transcripts were determined from the sequences of 14 represen-
tative clones, to a position 597–601 nucleotides from the initi-
ation codon. Surprisingly, the end of the transcripts is 5–
6 codons upstream from the stop codon (Fig. 1B), suggesting
that either the nad6mRNA does not have a functional stop co-
don, or that one is created post-transcriptionally. We tested
the nad6 transcript from Arabidopsis thaliana, a model plant
that is of the same family of mustard plants (Brassicaceae) as
cauliﬂower, to determine whether the same processing site is
conserved. Total Arabidopsis RNA was used as substrate for
cRT-PCR, 24 clones were analyzed by PCR from which 12
were sequenced. The 3 0 of the Arabidopsis nad6 transcript
was also mapped to the same position upstream of the stop
codon (Fig. 1C). To conﬁrm that there is no nad6 transcript
containing the 3 0 of the orf, including the stop codon, an oligo-
nucleotide corresponding to that sequence was synthesized
(R1, Fig. 1) and used as primer for RT-PCR. No signal was
obtained using either mitochondrial cauliﬂower RNA or total
Arabidopsis RNA. However, a strong signal was obtained
when primer R2 was used to prime cDNA synthesis (not
shown). Both primers (R1 and R2) were also used as probes
for northern blot hybridization. An abundant transcript was
detected with the R2 probe (Fig. 2A and C), but no signal
was obtained with the R1 probe, both in cauliﬂower and Ara-
bidopsis northern blots (Fig. 2B and D), even after long expo-
sure. The high molecular weight band detected migrates at the
size of genomic DNA and most probably corresponds to
mtDNA. This result conﬁrmed that the Arabidopsis and cauli-
ﬂower nad6 mRNA do not contain the in frame stop codon.
We considered possible mechanisms that could result in the
post-transcriptional creation of an alternative stop codon. In
plant mitochondria C-to-U RNA editing has been shown to
be required for the creation of stop codons in certain gene
transcripts [1]. However, this explanation was excluded, be-Fig. 2. Northern blots of total mitochondrial RNA of cauliﬂower (A
and B) and of Arabidopsis (C and D) hybridized with nad6 speciﬁc
oligonucleotides R2 (A and C) and R1 (B and D).cause the sequence of the cDNA clones did not contain new
editing sites, apart from those already described [9]. We also
considered the hypothesis that the stop codon is present in a
small cryptic 3 0 exon that was not identiﬁed as part of the gene
sequence. However, neither the sizes of the inserts of 54
cRT-PCR clones analyzed nor the sequences of the clones
sequenced, representative of the clones with larger inserts, sup-
ported this hypothesis. We also considered the possibility that,
as in animal mitochondria, a stop codon could be created by
polyadenylation. Plant mitochondrial transcripts can be poly-
adenylated, but this seems to be a signal for rapid RNA deg-
radation, as in bacteria and chloroplasts [10]. Polyadenylated
cauliﬂower nad6 transcripts were ampliﬁed by RT-PCR using
oligo-dT as primer for cDNA synthesis. A single major ampli-
ﬁcation product was obtained, of the size expected for the
mature nad6 transcript. The ampliﬁed cDNA was cloned and
several clones were sequenced. The polyA sites mapped to
the same region as the mRNA 3 0 end mapped by cRT-PCR
(Fig. 1B). This is in agreement with previous observations
which showed that, in plant mitochondria, the mature tran-
scripts are the substrates for polyadenylation [7]. However,
the polyA tails mapped did not create stop codons. Finally,
it can be speculated that plant mitochondria uses a divergent
genetic code that includes a non-canonical termination codon.
However, analysis of the complete sequence of several plant
mitochondrial genomes shows that only the canonical UAA,
UAG and UGA stop codons are used by the higher plant
mitochondrial translation system.
From our results, it appears that a functional mature gene
transcript can lack a stop codon. We tried to ﬁnd other exam-
ples in addition to the nad6 mRNA. As a serendipitous result
obtained in an unrelated project, it was shown in our labora-
tory that the full-length orf of the Arabidopsis ccmC gene,
which codes for a protein involved in the biogenesis of c-type
cytochromes, could not be ampliﬁed with primers complemen-
tary to the orf 3 0 end (Giege´, personal communication). A sim-
ilar result was obtained for ccmC from Brassica napus [11].
However, the causes why it was impossible to amplify the com-
plete cDNA were not known. Since RNA editing extensively
modiﬁes ccmC transcripts, it could not be ruled out that the
primers utilized could not hybridize because of sequence mis-
matches. The extremities of the Arabidopsis ccmC mRNA were
therefore mapped by cRT-PCR, using total Arabidopsis RNA
as template. After circularization, the ccmC transcripts were
reverse transcribed using primer R3 0 and ampliﬁed with prim-
ers R3 0 + F2 0 and nested primers R4 0 + F3 0 (Fig. 1D). All 38
clones that were sequenced corresponded to transcripts whose
3 0 ends mapped 14–16 codons upstream from the orf stop co-
don (Fig. 1E). To conﬁrm this result, oligonucleotides R2 0 and
R1 0 which map respectively upstream and downstream from
the determined 3 0 ends (Fig. 1E) were used as primers for
cDNA synthesis in RT-PCR experiments, using cauliﬂower
and Arabidopsis RNA. The ccmC transcript was only ampliﬁed
using primer R2 0 (not shown), conﬁrming that, like nad6, the
ccmC mRNA apparently has no functional stop codon. Also,
the sequence of the cDNA clones revealed no RNA editing
event that could create an alternative stop codon, and no
cDNA was found with a 3 0 extremity that could be converted
to a stop codon by polyadenylation. As for nad6, there was no
evidence for the existence of a 3 0 exon, neither from the sizes of
the clone inserts analyzed by PCR nor from the sequence of 38
representative clones.
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the nad6 and ccmC transcripts is developmentally regulated
and that RNA precursors containing in frame stop codons
are only present in certain plant tissues. We tested this hypoth-
esis by RT-PCR, using total Arabidopsis RNA extracted from
diﬀerent tissues, including rosette leafs, cauline leafs, roots,
ﬂowers and siliques, and also in cauliﬂower with RNA from
seeds, leafs and shoots. The nad6 oligonucleotides R1 or R2
were used as primers for cDNA synthesis. From all tissues
tested, the nad6 mRNA was only ampliﬁed when primer R2
was used, and no transcript was be detected with primer R1
(Fig. 3). The same result was obtained when ampliﬁcation of
the ccmC transcript was tested using primers R2 0 and R1 0
(not shown). There is therefore no evidence for a diﬀerential
processing of the Arabidopsis nad6 and ccmC transcripts dur-
ing plant development.
To test whether the truncated mRNAs are associated with
the mitochondrial translation machinery and are expressed at
the protein level we analyzed mitochondrial polysomes. Cauli-Fig. 3. RT-PCR ampliﬁcation of Arabidopsis nad6 transcripts from
total RNA fractions extracted from diﬀerent tissues, using either
primer R2 (A) or R1 (B) for cDNA synthesis. CL – cauline leafs, RL –
rosette leafs, Fl – ﬂowers, R – roots, S – siliques. Controls in the
absence of reverse transcriptase are shown.
Fig. 4. Ethidium bromide staining (left) and northern blot hybridization (r
gradient fractions (numbered from top to bottom of gradient). (A) Fractio
presence of Mg2+ to preserve polysomes. (B) Fractions from gradients load
presence of EDTA, to releases transcripts associated with the ribosomes. Th
(C) Quantiﬁcation of the results obtained for nad6, from three independentﬂower mitochondria were used to prepare extracts under con-
ditions which preserve intact polysomes (see Section 2).
Extracts were separated on analytical sucrose gradients and
RNAs puriﬁed from gradient fractions were probed with
nad6 and ccmC probes. As shown in Fig. 4A, under the condi-
tions used, both nad6 and ccmC transcripts were found in the
high molecular weight fractions, suggesting that they are asso-
ciated with large complexes. As an internal control, we also
probed for the transcripts of the atp9 gene, an abundant mito-
chondrial transcript that includes a normal UGA stop codon
[12]. The atp9, nad6 and ccmC transcripts sediment in the same
fractions. In a control experiment, the mitochondrial extract
was treated with 40 mM EDTA, to release transcripts associ-
ated with the ribosomes before ultracentrifugation. As shown
in Fig. 4B and C, EDTA treatment released atp9, nad6 and
ccmC transcripts from the high density fractions (fractions
7–9). Therefore, the sensitivity of the sedimentation of the
transcripts to treatment with EDTA strongly suggests that
the transcripts lacking stop codons are associated with mito-
chondrial polysomes and are likely to be translated.
The association of transcripts with polysomes is not proof
that they are translated. To show that the CcmC protein is
in fact synthesized, Western blots of mitochondrial proteins
of Arabidopsis thaliana were probed using an antibody raised
against a peptide corresponding to residues 175–189 of the
deduced Arabidopsis protein. This peptide corresponds to a
region between two predicted transmembrane domains of the
protein. Control immunoassays conducted with antibodies
directed against the Nad9 subunit of complex I and pyruvate
dehydrogenase conﬁrmed the high purity of the fractions
(Fig. 5). A protein of about 24 kDa was detected in the total
mitochondrial fraction. This size is in agreement with the size
expected for the protein that can be translated from the non-
stop ccmC mRNA, that is of 26 kDa. The protein detectedight) of cauliﬂower mitochondrial transcripts extracted from sucrose
ns from gradients loaded with mitochondrial extracts prepared in the
ed with mitochondrial extracts prepared in the absence of Mg2+ and
e sizes estimated for the nad6, ccmC and atp9 transcripts are indicated.
experiments.
Fig. 5. Western blot immunodetection of CcmC. (T) Total Arabidopsis
mitochondria protein extract; (Mb) mitochondria membrane fraction;
(S) mitochondria soluble protein fraction. Controls were performed
with antibodies directed against the Nad9 subunit of complex I and
pyruvate dehydrogenase (PDH).
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brane fraction, but not in the soluble protein fraction of mito-
chondria, in agreement with the predicted localization of the
CcmC protein. Thus, in the case of ccmC, translation of
non-stop transcripts seems to produce a functional protein.4. Discussion
We showed that the 3 0 ends of nad6 and the ccmC mRNAs
of cauliﬂower and Arabidopsis are processed inside the corre-
sponding orfs, a few nucleotides upstream the stop codons.
Since we did not detect precursor transcripts containing the
stop codons, the corresponding proteins are thus translated
from truncated mRNAs. This observation is surprising, be-
cause all plant mitochondrial gene transcripts analyzed up to
now seem to contain stop codons. In this respect, the cauli-
ﬂower and Arabidopsis nad6 and the ccmC genes are excep-
tions. In wheat, the nad6 gene is transcribed with the inframe
stop codon [13], as well as in Lupinus sp. (Raczynska, unpub-
lished). We considered other known mechanisms which could
create an alternative functional stop codon, but none seems
to act on the nad6 and ccmC transcripts, so it appears that
these mRNAs are indeed non-stop transcripts. The proteins
produced from the truncated orfs should be functional, since
only a few amino acid residues are missing, and these are out-
side the regions conserved between the homologous proteins of
diﬀerent species (not shown). Nad6 and CcmC have not been
identiﬁed in proteomic analysis of Arabidopsis mitochondria
[14,15], like most of the mitochondria-encoded complex I pro-
teins. Both proteins are hydrophobic, which interferes with
detection on 2D gels and tryptic peptides do not elute easily
from gels. The most compelling evidence that these proteins
are expressed is that the genes have been conserved in all spe-
cies, and should be essential for cell survival. In mammalians,
the Nad6 protein is required for the assembly of the mtDNA-encoded subunits of the enzyme [16]. In bacteria, it is known
that the CcmC protein is essential for the synthesis of c-type
cytochromes, and the same is expected to be true in plants
[17]. We detected CcmC in Arabidopsis mitochondria using
speciﬁc antibodies. The antibodies immunoreacted with the
polypeptide in the total and membrane protein fractions. We
have found a small discrepancy (24 versus 26 kDa) between
the estimated size of CcmC and the predicted size of the poly-
peptide translated in silico from the mRNA that does not con-
tain the stop codon. Size discrepancy is common for highly
hydrophobic, membrane proteins [18].
It could also be argued that the mitochondrial genes are no
longer active, and that the proteins are nuclear encoded and
imported from the cytosol. In Arabidopsis Col0 ecotype, most
of the mitochondrial genome sequence is present in chromo-
some 2, including the nad6 and ccmC sequences. However,
there is no evidence up to now that sequences from this nuclear
insert are expressed, and the sequences lack N-terminal mito-
chondrial targeting sequences. We have searched the Arabidop-
sis genomic sequence for other possible copies of the nad6 and
ccmC genes, but apart from the sequences duplicated in chro-
mosome 2 there is only a small piece of nad6 sequence in chro-
mosome 1 (44 codons), that is not part of a predicted gene. In
cauliﬂower, it is not known whether the sequences have been
transferred to the nucleus.
The important question that remains to be answered is how
the plant mitochondrial translation machinery deals with non-
stop transcripts: how the synthesized peptides are released and
how ribosomes are recycled.
The molecular mechanisms of translation elongation and
termination in plant mitochondria are believed to be similar
to those in bacteria. Bacterial-type mitochondrial translation
termination factors and release factors (RF) are found in the
Arabidopsis genome, but it is not known how these factors
operate on ribosomes stalled on transcripts lacking stop co-
dons. In bacteria, such a process requires a specialized RNA
called tmRNA, that works both as a tRNA and an mRNA
[19]. The bacterial tmRNA codes for a C-terminal sequence
tagging proteins for degradation. It is possible that the plant
mitochondrial translation system also utilizes a tmRNA to re-
lease the nascent proteins, but a plant tmRNA has not yet been
identiﬁed. However, if that mechanism exists in plant mito-
chondria, contrarily to the function of the bacterial tmRNA,
in the present case the truncated proteins released from the
ribosome are not targeted for degradation but are functional
and assembled in the respective complexes. In human mito-
chondria, a recent report also suggests that there is no loss
of stability of a protein translated from a non-stop mRNA
[20]. In this case, a mutation resulting in the loss of the termi-
nation codon of ATP6 had no eﬀect in the steady-state level of
the ATPase 6 protein that was successfully integrated into
functional complexes.
In bacteria, two diﬀerent RF are used two decode the three
termination codons. RF1 recognizes UAA/UAG and RF2
UAA/UGA. In human mitochondria, a single release factor
(mtRF1) has been identiﬁed up to now, for a translation sys-
tem that can use four stop codons (UAA, UAG, AGA and
AGG). In contrast, a search of the Arabidopsis genome shows
that the situation is complex in plants. In Arabidopsis there are
six genes predicted to code for organellar RF proteins, two
RF1 and four RF2 (supplementary ﬁgures 6 and 7). Genes
At3g62910 and At5g36170 would code for the chloroplast
5646 K.D. Raczynska et al. / FEBS Letters 580 (2006) 5641–5646cpRF1 and cpRF2 proteins. Mutation of At5g36170 results in
increased association of chloroplast UGA-containing mRNAs
with polysomes and, at the same time, a decrease in the stabil-
ity of the same transcripts [21]. Gene At2g47020 could code for
the plant mitochondrial mtRF1 protein. However, there are
three genes coding for proteins with similarities to RF2 that
are predicted mitochondrial (At1g56350, At3g57190 and
At1g33330, respectively coding for proteins mtRF2a, mtRF2b
and mtRF2c, supplementary Fig. 7). Corresponding EST se-
quences are found in the databases, indicating that all are ex-
pressed. However, only the predicted protein mtRF2a contains
the RF motif GGQ which is essential for ribosome binding and
release activity [22], and the SPF motif which recognizes UAA/
UGA stop codons [19]. It is tempting to speculate that the
additional mitochondrial RF2 proteins could play a role in
peptide release and ribosome recycling by associating with
stalled ribosomes containing empty A sites, when ribosomes
reach to the extremity of non-stop mRNAs.
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